The general approach which has been taken toward cooling aircraft turbine combustor liners is to utilize a portion of incoming combustor air for film-cooling. In this paper an alternate cooling method is considered, which is referred to as Heat Pipe Combustor Cooling. The conventional film-cooled combustor liner is replaced by a thin, metallic heat pipe liner. Incident heat is transported upstream, and then into to an adjacent compressor discharge air stream. After first acting as a heat sink to cool the liner, the compressor discharge air stream enters the combustor and serves as a supplementary combustion air supply/combustion gas diluent. This dual-use capability effectively doubles the available air supply for liner cooling, extending the turbine inlet temperature range for which metallic construction of the combustor liner is feasible.
INTRODUCTION
As turbine inlet temperatures and compression ratios continue to increase in high performance aircraft gas turbines, the problem of insuring adequate cooling for turbine components is intensified. Not only is there less air available for cooling, but the diminished air supply is at a higher temperature and is therefore a less effective coolant. It then becomes necessary to consider high temperature developmental nonmetallic liner materials in order to reduce the heat load to manageable proportions, as well as alternate cooling methods in which available air is used more efficiently.
Considerable interest has been shown in the potential of heat pipe technology to meet the thermal management needs of high performance aircraft gas turbines.' Several investigations of the use of this technique for cooling turbine vanes have been reported." This paper considers an alternate approach to combustor liner cooling based on heat pipe technology, which is referred to as Heat Pipe Combustor Cooling (HPCC). With HPCC, the conventional film-cooled combustor liner is replaced by a thin, metallic heat pipe liner. The liner consists of a relatively large number of individual heat pipe cells extending along the lateral liner length. Incident heat from combustion gas is transported upstream, and then transferred into to an adjacent compressor discharge air stream.
The air stream first acts as a heat sink to cool the liner, and then enters the combustor, serving as a supplementary combustion air supply/combustion gas diluent. This dual-use capability of compressor discharge air effectively doubles the available air supply for liner cooling, enabling liner temperatures to be maintained at a level permitting superalloy fabrication.
Since the liner is not film-cooled, there is no cool layer of injected air along the liner wall to inhibit uniform mixing with combustion gas, or to contribute to incomplete combustion and the formation of unburned hydrocarbons.
The HPCC approach to combustor liner cooling will permit substantial improvements in gas turbine performance, without film cooling and/or exclusive reliance on the successful development of nonmetallic liner materials. However, HPCC is equally applicable for performance improvement of nonmetallic liners at such time as their development has been successfully completed. Thus, HPCC exhibits growth potential which is by no means limited to the immediate gains which are possible when used with metallic liner construction materials.
The achievement of improved combustor liner cooling effectiveness through HPCC will 
HEAT PIPE COMBUSTOR LINER CONCEPT
prised of axially-oriented heat pipes (heat pipe detail not shown). The heat pipe segments are connected by metallic webs. Holes along the length of the webs (not shown) allow for the entry of air into the combustion chamber.
The heat pipe combustor liner cooling concept draws heavily on sodium heat pipe technology. The basic feasibility of the heat pipe was demonstrated more than 30 years ago at Los Alamos National Laboratory, with two sodiumstainless steel heat pipes and a water heat pipe.' The vapor temperature in one of these early sodium heat pipes was 1520°F.
Heat is transferred in a heat pipe in the manner shown in Figure 1 . The addition of heat to a portion of the heat pipe surface causes liquid to vaporize from a liquid-filled porous layer called a wick. The vapor moves virtually isothermally down the heat pipe and condenses on the wick wherever heat is being removed. The condensate is automatically recirculated to the heat input zone by capillary force which develops in the wick pores, without the aid of any external pump. This heat transfer process is so efficient that the effective thermal conductivity along the direction of heat transport is generally tens of thousands times greater than that of copper.'
The configuration of an annular heat-pipecooled combustor is shown in the schematic of Figure  2 . The combustion gas is contained within outer and inner heat pipe liners. Each liner is divided circumferentially into segments cornThe heat pipe liners extend upstream beyond the combustor inlet, where they are in contact with annular flow passages which accommodate the compressor discharge air heat sink. Incident heat on the liners is transported axially through the heat pipes to the heat exchange zone, and then into the surrounding air heat sinks. Air leaving the heat exchange zone enters the combustor through the openings in the webs, providing air for supplementary combustion and the dilution of combustion gas.
FEATURES OF HEAT PIPE LINER CONCEP-TUAL DESIGN
Heat pipe cooling techniques for an advanced annular combustor of a turboshaft gas turbine for helicopter propulsion have been investigated.8 A typical advanced cycle was chosen. Compressor discharge air was delivered to the combustor at the rate of 15 lb/sec, a pressure ratio of 40, and a temperature of 1200°F. The combustor exit temperature was about 3500°F. With HPCC, a total of about 8 lb/sec was available as a liner cooling heat sink. A reference heat pipe liner conceptual design was developed after extensive parametric analysis, including heat transfer, heat transport, and stress considerations. Key aspects of the heat pipe liner conceptual design are illustrated in Figures 3 through 5. Figure 3 shows how the individual heat pipe cells within a heat pipe liner segment are configured. The basic cross-section is cylindrical in order to provide optimum resistance to the pressure differential across the cell walls.
Adjacent cells share a common wall in order to minimize liner weight.
The gas side of the liner is fitted with a wick structure which serves as the primary channel for flow of the heat pipe liquid. The liquid flow channel is truncated at common cell walls. A capillary wick layer covering the liquid flow channel as well as the remainder of the inner cell wall provides the necessary capillary pressure to sustain circulation of the heat pipe fluid. It also serves as a radial flow conduit for the small amount of condensate which forms due to heat rejection from the air side of the liner. The heat load on the liner is reduced by a layer of thermal barrier coating (TBC) which, along with its bond coat, lines the outer surface of the gas side of the liner. In Figure 4 , the configuration of the wick structure is shown. In this case, the liquid flow The TBC and its bond coat are not required In the heat exchange zone of the liner. Instead, as indicated in Figure 5 , a flow channel for the compressor discharge air heat sink is mounted on the air side of the liner.
KEY DESIGN CHARACTERISTICS
The principal characteristics of a heat pipe combustor cooling system, based on the investigation of Reference 8, are summarized below.
u Individual liner segments consisting of an array of axially-oriented sodium heat pipe cells are equally spaced around the circumference of the outer and inner liners. The segments in each liner are joined together by an equal number of webs.
u Liner reliability and safety are enhanced by the relatively large number of heat pipe cells in each segment. In the event that a heat pipe cell becomes nonfunctional, its heat load can be absorbed by neighboring cells without excessive temperature in the disabled cell.
u The liner wall temperature is low enough to permit superalloy fabrication.
u A layer of TBC on the gas side of the liner reduces the heat flux by around 40%. This thermal insulating layer reduces thermal stress in the cell walls, reduces the heat exchanger length and weight, and isolates the liner from rapid temperature changes during power transients.
u The heat pipe liner appears to respond well to transients characteristic of gas turbine startup and shutdown, without overheating.
u The liner thickness in the combustor zone averages 0.14 in. The total mean liner/compressed air heat sink thickness in the heat exchange zone is 0.21 in.
u The total liner weight, including the TBC, its bond coat, and the heat exchanger zone, is well under 15 lb, and is virtually independent of the TBC thickness.
u The amount of sodium present in the heat pipe liner is less than 1% of the total liner weight.
u The use of nickel in the heat exchange section significantly reduces liner size and weight.
u The pressure drop through the compressed air heat sink adjacent to the heat pipe liners is 1-1.5%, and the rise in air temperature is 81°F. The heat sink represents about 15% of the total liner weight.
u The stress on the liner walls is well below the yield strength of a representative superalloy at the liner operating temperature.
FABRICATION ASPECTS
The heat pipe liner segments, including half-thickness web extensions, can be fabricated into gas side and air side halves by extrusion, forging, stamping, chemical milling, or some combination thereof. The grooved wick layer would be formed as an integral part of the gas side half. A continuous capillary pumping screen layer would be added to each segment half, and spot welded to the liner wall. The two segment halves would then be welded, brazed, or sintered together at the common cell walls. The compressed air annular flow passages in the heat exchange zone would then be brazed or sintered onto the liners. After adding end caps and evacuating the segments, the sodium heat pipe fluid would be added, followed by sealing of the segment assemblies. Individual heat pipe segments would be formed into a complete liner section by brazing together half-thickness webs from adjacent segments.
KEY TECHNICAL ISSUES
Utilization of heat pipe technology in the thermal management of aircraft gas turbine propulsion systems raises a number of key technical issues. The manner in which these issues are addressed with heat pipe combustor cooling is presented below.
SAS. -The addition of sodium in aircraft engines to facilitate heat transfer is by no means unique. Virtually all reciprocating engines which were used for propulsion of military aircraft prior to the introduction of jet engines incorporated sodium-cooled valves, Because the sodium liquid is confined to the pores of the thin heat pipe wick, only a minimal amount is present in the entire liner cooling system. The impact of a cell leak in terms of energy release is expected to be negligible compared with the energy content of combusting fuel. The decrease in heat transport capacity of the affected cell will be offset by adjacent heat pipes picking up the heat load.
ACCELERATION. -The capability of a heat pipe liner to function properly under the velocity changes associated with aircraft flight operations is an important design consideration. For stationary gas turbines, only the acceleration of gravity is of concern. The effect of acceleration on heat pipe operation is to introduce a static head in the sodium liquid, which is manifested as a pressure increase or decrease in addition to the frictional pressure drop. A pressure decrease is compensated for by the provision of additional capillary pressure capability in the heat pipe wick structure (by reduction of the wick pore size) to offset the additional pressure drop in the sodium liquid.
VIBRATIONS. -A heat-pipe-cooled liner will also be subjected to considerable vibration during aircraft operations. Available evidence, while limited in scope, indicates that intense vibrational fields do not adversely affect heat pipe operation. For example, when a water heat pipe was exposed to the vibration field characteristic of missile launch, its performance actually improved (the axial temperature drop decreased from 1.1°C [2°F] to 0.6°C [1°F]).9
HEAT LoADs. -For sodium heat pipes, permissible surface heat fluxes may be on the order of 4000 W/cm2 (3520 Btu/ft2-sec) and axial heat fluxes (heat transport rate per unit of vapor space flow area) on the order of 8000 W/cm2 (7040 Btu/ft2-sec). Heat fluxes in sodium heat pipe combustor liner cooling systems of high performance gas turbine combustors are not expected to be constrained by these heat flux limits.
STRUCFURALLOADS. -The heat pipe liner cells must be designed to withstand mechanical stress produced by the pressure differential between the external air and combustion gas pressures and the heat pipe vapor pressure, as well as thermal stress resulting from the temperature differential across the cell walls. Additionally, it must be assured that the heat pipe cells will remain stable and not buckle under the pressure differential. The liner as a whole must also be resistant to buckling from the pressure differential between external casing air and the combustion gas inside the liner.
Maximum wall stress can generally be limited to acceptable values with wall thicknesses less than 0.020 in. Buckling is not a problem for the inner liner because the higher casing air pressure is on the convex side. For the outer liner, stiffening rings at the combustor inlet and exit may be needed to avoid buckling.
GASEOUS DIFFUSION. -If the material of the combustor liner wall is capable of reducing water vapor to free hydrogen, the hydrogen formed could, along with free hydrogen present as the result of dissociation, diffuse into the liner vapor space. The exterior heat pipe surface can be pre-oxidized to prevent the reduction of hydrogen compounds to free hydrogen. Also, wall materials containing elements with a high affinity for hydrogen, i.e., hydrogen getters, can be used. The hydrogen would then be intercepted before reaching the heat pipe interior. Another approach is to utilize small inserts of getter materials such as titanium or zirconium inside the heat pipe to react with and remove any in-diffusing hydrogen. Finally, a thin coating of a material with a low hydrogen permeability, such as a carbon compound, could be applied to the liner wall.
STARTUP. -A startup problem could develop if a gas bubble in the heat pipe wick should block the liquid flow channel, increasing the resistance to liquid flow and diminishing the capillary pumping capability. This occurrence can be prevented by avoidance of open liquid flow channels, and by steps to avoid gaseous diffusion as described above.
A second type of problem could arise if the temperature of condensing sodium vapor in the heat exchange zone of the liner does not rise above the freezing point, preventing recirculation of liquid sodium back to the heat input region. Fr?ezeout should not be a problem with heat pipe liner cooling. During startup, the temperature of the compressed air heat sink rises continuously, reaching a level above the sodium melting point of 208°F well before the heat pipe heat transport mechanism has been activated.
CONCLUSIONS
u The heat pipe liner cooling concept is technically feasible.
u All of the compressor discharge air entering the combustor which is not used for primary combustion is equally available for both liner cooling and supplementary combustion/dilution of the combustion gas stream, providing a valuable dual-use capability for excess compressor discharge air.
u Effective cooling of the combustor liner, and mixing/dilution of combustion gas, is possible at gas temperatures for which conventional cooling/mixing approaches are inadequate without recourse to as yet unqualified higher temperature nonmetallic liner materials.
u Liners are fabricable from a superalloy as integral metallic heat pipe segments, joined together by metallic webs.
u The heat pipe liner cooling concept is consistent with current combustor design practice. An annular combustor configuration can be used, and provision can be made for injection of supplementary combustion air 7. Silverstein, C.C., Effective Thermal Conand dilution air through openings in the webs ductivity of Heat Pipes, AIAA Paper 94-joining individual heat pipe segments. A 1962, 6th AIAA/ASME Joint Thermophysics modest extension of the liner to accommoand Heat Transfer Conference, Colorado date the heat exchangers would be incorpoSprings, CO, June 1994. rated into the inlet diffuser configuration.
u The heat pipe liner cooling concept has considerable potential for further size and weight reduction through the use of higher temperature capability materials and/or continuous rather than segmented heat pipe liners.
